In this study, the relation is investigated between the timing of a rising or falling pitch movement and the syllable it accentuates. The experiments w m canied out with the five-syllable utterance lmamamamamal provided with a rising or falling pitch movement.
INTRODUCTION
In various descriptions of intonation. pitch movements are divided into different categories on the basis of their position in the syllable. For example, in the desniption of Dutch intonation [ 141, two kinds of accent-lending rises are distinguished: an early rise '1' starting before the vowel onset and a late rise '3' starting after the vowel onset. In autosegmental phonology, realizations of this type of pitch imovements correspond with L+H' and L'+H, respectively [12]. In this paper, the early rise will be referred to as a rise inducing a high i m t , while the late rise will be referred to as a rise inducing a IOW As the timing of a pitch movement in an utterance shifts from left to right, there will be a point where the percept of accentuation shifts from one syllable to the next. This point in the speech signal is referred to as the uccemuzhn boundary. There will also be a point where, for the rise, the percept of a high accent changes to that of a low accent and, for the fall, the percept of a low accent changes to that of a high accent. This point is ref-
to as high-low boundaly. the beginning, at its end or somewhere in between. The basic idea is that, if the pitch cue which induces the percept of accentuation is at the onset of a pitch movement, the location of the onset of the pitch movement at the accentuation boundary will be more or less independent of the duration of the pitch movement. The perceptual process which determines where the cue is located will, however, have an integration time, and this integration time may be a bit longer for the weaker stimuli. It is supposed that the onset of the longerduration pitch movements is less abrupt and, therefore, weaker than that of the shorter pitch movements. The onset of the pitch move ments at the accentuation boundary may, therefore, shift somewhat to the left for the longer pitch movements, but not to the right. The offset of the pitch movement at the accentuation boundary w i l l accordingly shift to the right as the duration of the pitch movement gets longer. This situation is depicted in Fig. la for the rise, and in the syllable is at the offsset of the pitch movement, the offset of the pitch movement at the accentuation boundary will be more or less independent of the duration of the pitch movement. If the perceptual process which detmnines the moment at which the pitch movement has been completed has an integration time, the shift of the offset of the pitch movement at the accentuation boundary will at most shift somewhat to the left as the pitch movement gets longer, but not to the right-The onset of the pitch movement at the accentuation boundaq will accordingly shift to the left, the longer the duration of the pitch movement. This situation is sketched in Fig. IC for the rise, and in The same procedure was followed in the second experiment concerned with the high-low boundary. First, what is the position of a pitch movement when it provides a syllable with a high or low accent, and second, where in the pitch movement the cue is located which induces these percepts.
. EXPERIMENT1

. 1 . Method
Stimuli The stimuli were derived from a natural three-syllable utterance /mamama/, spoken with an accent on the second syllable.
Speech modifications were canied out with pitch-synchmnousoverlapadd (PSOLA) techniques. The first step was to triplicate the middle syllable, resulting in the utterance lmamamamamal consisting of five syllables, of which the middle thne werc identical as to amplitude and spectral envelope. Next, the original pitch contour was replaced by a rising or a falling pitch movement superimposed on a declination line. The declination rate was about 24 Ws. The range of the timings of the pitch movements used in this experiment is shown in Fig. 3a and Fig. 3d for the pitch movements with duration of 120 ms. The two other durations used were 80 and 160 ms. In total there were 360 different stimuli, which were presented twice to each subject in the same random order.
Subjects and Procedure
Eleven subjects took part in this expenment. Each subject did the test individually in an interactive computer session. Hdshe could listen to a stimulus as often as desired.
The task was to indicate on which of the five syllables an accent was perceived. So, there were five response classes corresponding to whether an accene was perceived on the first, the second, the third, the fourth or the fifth syllable.
. . Results and Discussion
For all fiveresponse classes, distributions were calculated forthe onsets of the corresponding pitch movements. The distributions are presented in Fig. 2 . The upper two panels show the results for the stimuli with the pitch movement of 80 ms. The second row shows the results for the movements of 120 ms, and the third row for the movements of 160 ms. In all six panels, the five distributions can clearly be distinguished. Clear intervals can be seen where the corresponding syllable is almost always selected as the accented syllable. These regions are indicated by the numbers 1 to 5. The points of interest are the locations in the speech signal where the percept of accmtuation changes from one syllable to the next. These are the category boundaries in the continuum of onset times before which a pitch movement accents one syllable and after which it accents the next. These are the moments in the spach signal where the distributions as shown in Fig. 2 cross. These cross points were calculated after smoothing the distributions. The pitch movements at these accentuation boundaries are presented in Fig. 3b and Fig. 3e .
As can be seen the situation at the accentuation boundaries is as depicted in Fig. la for the nse and Fig. IC for the fall. This shows that the cue of accenfuution is at the onset of the pitch movement.
The relation with the segmental structure can be derived from the lowest panel representing the oscillogram of the stimulus monotonized at 100 Hz. It appears that the accentuation boundaries are loc- 
EXPERIMENTII
In this expuiment, the main point of interest is when a high and when a low accent is perceived. Subjects were asked to indicate, whether they perceived a high or a low accent. Some informal tests showed that, in general, subjects could do this task easily, although perhaps not as easily as the task to indicate which syllable they perceived as accented.
:3.L Method
!Stimuli
The range of the timing of the pitch movements was nsmcted to where the third syllable was accented, 480 ms to 680 ms. :This range is shown forthe 120 ms rise in Fig. 4a and forthe 120 ms fall in Fig. 46 Again, there were rises and falls of thne durations: 80,120 and 160 ms. In total there were 66 stimuli.
Subjects and procedure The same eleven subjects took part as in the previous experiment. Their task now was to indicate whether they heard a high or a low accent. The series of 66 stimuli was p"d twice in the same random order.
Results and Discussion
The pitch movements at the high-low boundary an presented in Fig. 4b and Fig. 4 . The picture is again as shown in Fig. l a and  Fig. IC . So, here too the location of the onset of the movement deurmines whether a high or low accent is perceived. It appears that tlie high-low boundary of the rise is located 20 ms after the vowel onset, that of the fall 65 ms after the vowel onset.
The main conclusion of these experiments is that both the cue that determines which syllable is perceived as accented and the cue indicating whether a low or ahigh accent is perceived an located at the onset of the pitch movement. In all the results, the onset of the pitch movement at the category boundaries nmained about constaut, or shifted somewhat to the left as the pitch movement became longer.
The offsets of the pitch movement at both the accentuation boundary and the high-low boundary shifted to the right as the pitch movements got longer. This situation was sketfhed in Fig. la for the rise and Fig. IC for the fall. This virmally excludes the possibility that the location of the offset of the pitch movement provides the cue for acctntUation and the high-low distinction between accenu.
It is intuxsting to compare these results with results obtained by House [IO]. He found that our sensitivity for pitch changes is reduced in speech segments of significaut spectral change. The vowel onset is one such segment. So, it is assumed that some tens of ms before the vowel onset our sensitivity to pitch change is nduced.
For early rises and falls, the onset of the movement is located in this interval of reduced sensitivity. Therefore, not this change of pitch at the onset of the movement will be perceived, but rather, after the vowel onset, a jump will be perceived to a pitch level diffaent fnrm what is expected on the basis of only declination. So it will be this jump which induces the percept of accentuation. Still according to House (1990) . if the change in the course of pitch occurs after the vowel onset, so after the interval of reduced sensitivity to pitch change, listeners naturally perceive the change itself which then provides them with the cue for accentuation.
Only a few other studies have been carried out on the acccnNation boundaries between two syllables. The oldest one is the study by
Van Katwijk and Govaert (1967) [15] , who also varied the p i -tion of a rising or a falling pitch movement. Their main conclusions were, first, that the rise was more effective in accenting a syllable than a fall and, second, that falls exert their prominence lending force later than rises. These conclusions do not quite agree with what is found here, but it can be shown that this is due to differences in the stimuli used by Van Katwijk and Govaert [8, 4] . Also differences with results found by Hasegawa and Hata [?'I can be attributed to differences in the stimuli. The results found here do agree with those of some other studies [3, 9] , and they are at least in qualitative agreement with psychophysical findings [l] .
In the experiments carried out so far, only separate rises or separate falls are taken into account. In many languages, accent is lent by a combination of a rise and a fall, the rise-fall. At least in Dutch intonation, the location of these rise-falls is such that the rise starts about 50 ms before the vowel onset, while the fall starts about 80 ms after the vowel onset. In terms of the results of this paper, this shows that these rise-falls supply two cues for accentuation, both lending a high accent to the syllable. This may explain why the rise-fall is an effective cue for accentuation. In other languages, e.g. Hungarian [6] and German [ll] , the situation may be more complicated.
Conclusions
Combining all the evidence, it appears that the moment at which the change in the course of pitch at the onset of a pitch movement is per- Combined with the results obtained by House (1990) . it appears that the perception of a pitch accent can arise from two different mechanisms: first, the perception of a change in the c o m e of pitch can induce an accent, and second, an accent can be brought about by a pitch level jump between syllable nuclei. The perception of a pitch change gives rise to the perception of an accmt on the syllable with the rhyme in which the pitch change is perceived. For a rise this induces a low accent, while for the fall it is high. If a pitch jump is perceived, the latter of the two syllables between which the jump takes place is perceived as accented. In this case the rise induces a high accent, while the fall induces a low accent.
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